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ABSTRACT 

We  have  developed  new  types  of  particle  stabilizers  for  Pickering  foams  and  emulsions  with  extraordinary  properties.  The  addition  of 
magnetic  particles  into  the  superstabilizer  particle  made  possible  the  formation  of  a  unique  new  system  -  magnetically  responsive  foams, 
which  can  be  destroyed  and  collected  rapidly  and  on  demand  with  the  application  of  an  external  magnetic  field.  Quantitative  models  for 
magnetophoretic  foam  breakdown  and  rheology  were  developed.  We  also  invented  and  characterized  a  new  type  of  responsive  foam  based 
on  thermoresponsive  fatty  acid  tubes  and  carbon  black  particles.  This  system  can  be  tuned  to  be  uniquely  multi- stimuli-responsive.  We 
characterized  how  system  composition  affected  foam  response  to  UV  light  as  a  function  of  the  amount  of  fatty  acid,  carbon  black  particles, 
and  water  content.  We  established  the  system  properties  necessary  for  efficient  foam  breakdown  and  demonstrated  a  unique  magneto-photo- 
thermo  responsive  foam.  Finally,  we  introduced  novel  particle  superstabilizers  made  of  lignin,  a  natural  biomaterial.  They  can  form  the  basis 
of  a  new  class  of  by-design  natural  foam  superstabilizers.  All  of  these  innovative  systems  can  find  application  in  chemical  detoxification, 
spill  collection  and  a  variety  of  technologies.  They  have  attracted  significant  interest  from  industrial  collaborators. 
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New  Principles  for  Interfacial  Engineering  and  Superstabilization  of 
Biphase  Systems  by  Using  Particles  with  Engineered  Structure  and 

Properties 


Researchers 

>  PI:  Orlin  D.  Velev,  NC  State  University 

>  Stephanie  Lam,  Graduate  Student,  obtained  PhD 

>  Elena  Blanco-Castineiras,  Visiting  Postdoctoral  Scholar 

>  Anne-Laure  Fameau,  Visiting  Researcher 

Deliverables: 

>  Synthesis  of  a  variety  of  new  types  of  particles  through 
environmentally  friendly  processes 

>  Investigation  of  particle  adsorption  layers  and  films 

>  Investigation  of  foam  and  emulsion  stabilization  using  synthesized 
particles 
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>  Developed  and  characterized  three  novel  responsive  foam 
systems  with  special  properties  -  see  results  panels  on  right 


>The  new  responsive  foams  can  be  used  in  new  efficient 
detoxification/cleanup  procedures  where  toxic  material  is  rapidly 
covered  and  detoxified  by  a  foam  head 
>Can  be  used  in  new  products  for  destruction  of  chemical  agents 

>The  unwanted  foam/toxin  residue  can  collected  rapidly 
> Formulation  of  new  Army  field  products  with  decreased 
environmental  footprint 


Biopolymer-based  Foam  with  On-demand  Destruction 


Magneto-Pickering  Foam  Based  on 
Cellulose  Particles 


Biopolymer  Foams  from  Lignin  Microgel 
Particles 


Scheme:  Fabrication  Procedure 


Scheme:  Fabrication  Procedure 


>  Successfully  made  a 
magnetically  responsive  foam 
based  in  hydrophobically 
modified  cellulose. 

>  Characterized  the  effect  of  foam 
liquid  fraction  and  iron 
concentration  on  magnetic 
response. 

>  Determined  the  mechanism  of 
foam  collapse,  and  correlated 
collapse  behavior  of  the  foam  to 
foam  age,  water  fraction,  and 
rheological  properties. 

>  Characterized  the  rheological 
properties  of  foam  in 
homogeneous  magnetic  field. 


Proposed  Mechanism 


Wot  foam 


Reformed  lndulin*AT 


Result:  Increased  Foam  Stability 

>  Reformed  Kraft  lignin  into 
voluminous  particle 
aggregates  using  a  water 
based  process. 

>  Studied  properties  of  the 
particle  dispersion  such  as 
zeta  potential,  effective 
volume,  and  morphology 
of  particle  aggregates. 

>  Characterized  the  ability  of 
the  reformed  particles  to 
stabilize  foam. 


The  results  are  interpreted  within  an  adequate  theoretical 
framework 


Manuscript  for  dissemination  of  research  results  under  preparation 


Multi-Stimuli  Responsive  Foams 


Foam  with  12-HSA  and 
Carbon  Black 


Under  UV  Light 


Replace 
carbon  black 
particles  with 
iron  particles 


Foams  containing  12-HSA  and  carbon  black  particles 
collapse  when  illuminated  with  UV  light  due  to 
synergism  between  UV  light  absorption  by  carbon 
black  and  the  thermal  response  of  12-HSA  (  fatty 
acid) 


Multi-Stimuli 

Responsive 

Foam! 


Results 

>  Invented  a  new  foam  which  can  be  controllably  collapsed  using  light. 

>  Characterized  the  effect  of  foam  liquid  content,  fatty  acid  concentration 
and  carbon  black  concentration  on  collapse  properties. 

>  Fabricated  a  foam  which  can  respond  to  light,  magnetic  field,  as  well  as 
changes  in  temperature  by  replacing  carbon  black  with  iron  particles. 


Solid  Magnetic  Foam 

•  Magnetically  responsive  foams  stabilized  using 
cellulose  are  made  solid  using  lyophilization 


Solid  HP/Fe  foam  selectively  absorbs  oil 
(red-colored  fluid  in  photo) 


Manipulation  of  Solid  Foams  by  B -field 


After  oil  absorption,  directional  movement  of  HP/Fe 
foam  on  water  surface  can  be  manipulated  using 
magnetic  field 

Results: 

(1)  Evaluated  the  ability  of  solid  HP/Fe  foam  to  remove 
hydrophobic  contaminants  from  aqueous  systems. 

(2)  Suggested  other  aqueous  responsive  foam  systems 
for  the  generation  of  solid  foams  manipulatable  by  a 
gradient  field. 


Final  Technical  Report  -  ARO  Project  56041 CH 

Orlin  D.  Velev,  North  Carolina  State  University 


Abstract 

We  have  developed  new  types  of  particle  stabilizers  for  Pickering  foams  and  emulsions  with 
extraordinary  properties.  We  use  particles  made  of  hydrophobically  modified  cellulose  that  result  in  the 
formation  of  super-stable  foams.  First  we  showed  how  the  inclusion  of  dyes  in  these  particles  allows 
making  of  colored  foams,  which  can  find  a  variety  of  applications.  The  addition  of  magnetic  particles  into 
the  superstabilizer  particles  made  possible  the  formation  of  a  unique  new  system  -  magnetically 
responsive  foams.  These  novel  “magneto-Pickering”  foams  exhibit  excellent  stability  in  the  absence  of  a 
gradient  magnetic  field,  but  can  be  destroyed  rapidly  and  on  demand  with  the  application  of  a  threshold 
field.  We  correlated  the  collapse  behavior  of  the  foams  to  the  liquid  fraction  as  well  as  the  concentration 
of  magnetic  particles  in  the  lamellae.  We  also  characterized  the  rheological  stability  of  the  foam  and 
developed  quantitative  models  for  magnetophoretic  foam  breakdown.  In  a  collaborative  work  with  TU- 
Berlin,  we  elucidated  the  mechanisms  by  which  the  particles  stabilize  foams  by  examining  foam  films 
containing  these  particles.  More  recently,  we  also  demonstrated  the  generation  of  a  solid,  magnetically 
responsive,  porous  material  from  the  aqueous  foam  system.  More  recently,  we  introduced  a  novel  multi- 
responsive  foam  system  based  on  thermoresponsive  fatty  acid  tubes  and  carbon  black  particles.  Like  the 
magneto-responsive  foams,  this  system  is  also  stimuli-responsive,  but  is  responsive  to  light  stimulus 
rather  than  magnetic  stimulus.  We  studied  how  system  composition  affected  foam  response  to  UV  light 
by  varying  the  amount  of  fatty  acid,  carbon  black  particles,  as  well  as  water.  We  determined  system 
properties  necessary  for  efficient  foam  breakdown  and  demonstrated  that  such  foams  can  also  be 
collapsed  using  solar  illumination.  Lastly,  we  developed  new  particle  superstabilizers  made  of  lignin,  a 
natural  biomaterial.  We  have  demonstrated  how  the  stabilization  efficiency  of  lignin  can  be  increased 
dramatically  by  water-based  reforming.  We  characterize  the  surface  charge  and  solubility  of  the  reformed 
and  non-reformed  particles,  and  observe  the  nature  of  the  particle  aggregates  of  the  reformed  lignin 
particles.  On  this  basis,  we  are  developing  a  new  class  of  “designed”  natural  foam  superstabilizers.  All  of 
these  new  systems  can  find  application  in  chemical  detoxification,  spill  collection  and  a  variety  of 
technologies.  They  have  attracted  significant  interest  from  industrial  collaborators. 
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Motivation  and  background 


It  has  been  known  since  the  beginning  of  the  20th  century  that  particles  with  the  appropriate  wettability 
can  impart  greater  stability  to  foams  and  emulsions  than  molecular  surfactant  stabilizers.1,  2  However, 
research  in  the  area  of  Pickering  foams  and  emulsions  has  mostly  been  focused  on  studying  the  effect  that 
the  properties  of  inorganic  particles  (wettability,  concentration,  size,  and  shape)  have  on  the  stability  of 
these  systems;  little  research  has  been  performed  in  the  development  and  characterization  of  particle 
stabilizers  made  from  biodegradable  materials.3"5  In  the  results  of  the  ARO-supported  research  presented 
here,  we  evaluated  the  ability  of  naturally  derived  materials  to  stabilize  foams  and  emulsions.  Wege  et  al. 
had  previously  demonstrated  that  hydrophobically  modified  cellulose,  HP-55,  can  be  used  to  generate 
superstable  foams.6  Our  group  then  demonstrated  that  functionality  (such  as  color)  could  be  imparted  on 
the  HP-55  foam  matrix  through  the  use  of  a  hydrophobic  dye.7  Building  on  that  concept,  we  developed  a 
class  of  magnetically  responsive  foams  by  suspending  carbonyl  iron  particles  in  the  HP-55  matrix.  These 
responsive  systems  can  be  defoamed  on  demand  with  the  application  of  a  magnetic  field.  We  also 
observed  a  difference  in  the  collapse  behavior  of  fresher  (5  hour,  1  day)  foams  versus  that  of  older  foams 
(3+  days).  This  led  us  to  formulate  a  mechanism  for  the  collapse  behavior  of  the  foam.  Here,  we  report 
data  that  we  have  acquired  by  characterizing  the  difference  in  the  properties  of  the  fresh  and  old  foams 
that  contribute  to  their  breakdown,  and  also  refine  our  hypothesis  pertaining  to  the  mechanism  behind  the 
destruction  of  our  foams. 

In  a  collaborative  project  with  scientists  from  Technical  University  in  Berlin,  we  examined  how 
the  hydrophobically  modified  cellulose  particles,  which  impart  long-term  stability  onto  the  colored  and 
magnetic  foam  systems,  stabilize  these  biphasic  dispersions.  Cellulose,  a  linear  polysaccharide  which 
consists  of  (3  (l,4)-linked  glucopyranose  units,  exists  as  a  structuring  agent  in  the  walls  of  plant  cells  as 
well  as  some  eukaryotes.8, 9  It  is  the  most  abundant  polysaccharide  found  in  nature  and  accounts  for  ~  1.5 
x  1012  tons  of  annual  biomass  production.10  As  a  result  of  its  biodegradability,  biocompatibility,  and 
sustainability  as  a  raw  material,  there  has  been  much  focus  on  the  use  of  cellulosic  materials  for  various 
applications  ranging  from  lightweight  products  to  pharmaceutics  and  biomedical  applications.11,  12  One 
type  of  cellulose  which  has  been  widely  examined  for  food  and  medical  applications  is  modified 
cellulose.  It  is  approved  for  utilization  in  foods  and  pharmaceutics  as  coatings  and  encapsulants,  and  has 
also  been  found  to  be  useful  in  highly  efficient  foam  and  emulsion  stabilizers.13"15  In  this  part  of  the 
project,  we  examined  the  mechanism  of  foam  stabilization  by  micron-sized  particles  from  hydroxypropyl 
methylcellulose  phthalate  (HPMCP)  by  comparing  observations  of  foam  films  stabilized  by  HPMCP  to 
bulk  foams  stabilized  by  the  same  cellulose.  The  particles  appeared  deformable  when  compressed  in  the 
foam  lamella,  and  exhibited  co-adsorption  with  soluble  HPMCP  molecules  at  the  air-liquid  interface. 
HPMCP  was  studied  since  it  had  previously  been  shown  to  have  the  capability  of  generating  superstable 
foams  with  particle  formation  in  situ  during  the  foaming  process.14  In  addition,  it  more  recently  served  as 
a  basis  for  the  design  of  functional  foams,  such  as  colored  foam  and  magnetically  responsive  foam.16'18 

A  biologically  derived  molecule,  12-hydroxy  stearic  acid  (12-HSA),  was  recently  reported  to 
generate  foams  which  are  ultrastable.  12-HSA  has  been  shown  to  self-assemble  into  tube-like  structures, 
which  jam  in  the  plateau  borders  of  foam,  acting  as  a  barrier  to  liquid  drainage  and  bubble  coarsening. 
Fameau  et  al.  demonstrated  that  foams  stabilized  using  tubular  assemblies  from  this  fatty  acid  remained 
stable  until  exposed  to  a  temperature  higher  than  Ttransition  -  the  temperature  at  which  the  fatty  acid 
assemblies  in  the  foam  change  from  tube-like  structures  to  micelles.19  12-HSA  is  produced  by  the 
hydrogenation  of  a  sustainable  material  -  ricinoleic  acid  from  castor  plants  and  is  an  inexpensive 
molecular  surfactant  available  in  large  quantities.  In  the  work  presented  here,  we  show  how  foam 
responsive  to  UV  irradiation  can  be  produced  by  combining  12-HSA  with  carbon  black.  To  gain  insight 
into  the  mechanisms  responsible  for  the  light-induced  destabilization  of  this  system,  we  varied  fatty  acid 
concentration,  carbon  black  particle  concentration,  as  well  as  the  initial  water  fraction.  To  generalize  our 
approach,  we  used  other  particles  known  to  be  absorbers  of  light  radiation,  such  as  metallic  particles,  and 
explored  foam  response  to  both  light  and  magnetic  fields. 
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Another  biomaterial  that  we  have  been  studying  for  the  stabilization  of  foams  and  emulsions  is 
lignin.  In  a  previous  report,  we  mentioned  finding  a  grade  of  Kraft  lignin  we  received  from 
MeadWestvaco  to  dissolve  in  aqueous  media  at  high  pH.  We  also  showed  that  we  were  able  to  stabilize 
foams  using  this  material.  In  this  report,  we  summarize  the  process  used  to  make  the  particles  and  the 
foam;  the  characteristics  (surface  charge,  morphology,  effective  volume)  of  the  reformed  particles 
compared  to  that  of  the  original  powder;  as  well  as  the  ability  of  these  particles  to  stabilize  foams. 

Technical  Results 

Foam  Stabilization  by  Hydrophobically  Modified  Cellulose.  In  a  collaborative  project  with  scientists 
from  Technical  University  in  Berlin,  we  elucidated  the 
mechanism  of  foam  stabilization  by  particles  from 
hydrophobically  modified  cellulose  by  examining  the 
morphology  and  stability  of  foam  films  stabilized  by 
hydrophobically-modified  cellulose  (HP-55  or 
HPMCP)  using  a  Thin  Film  Pressure  Balance  (TFPB) 
apparatus. 

Cellulose  particles  used  in  foam  and  foam  film 
stabilization  were  generated  by  precipitating  HP-55 
polymer  out  of  solution  by  lowering  the  pH  of  the 
polymer  solution  under  shear.  The  generated  particles 
are  poly  disperse  and  range  from  7.5  pm- 10.5  pm  in 
diameter  with  an  aspect  ratio  varying  from  2-2.5.  They 
also  exist  as  aggregates  in  suspension  (Figure  1).  This 
is  most  likely  due  to  the  low  ^-potential  of  the 
particles  at  the  test  pH  (~  4)  as  well  as  their  large  size,  ^-potential  measurements  were  performed  using 
smaller  (model)  HPMCP  particles  as  described  above  and  was  determined  to  be  ~  -21  mV  at  the  pH  at 
which  foams  were  generated  in  this  study  (Figure  2  ). 

Suspensions  of  varying  HP-55  concentrations  were  foamed  using  a  high  shear  mixer  (Oster 
Model  4242).  The  foam  volume  as  well  as  volume  of  liquid  drained  from  the  air-rich  phase  was 

monitored  overtime.  As  expected,  foams 
containing  higher  concentrations  of  HP-55  not 
only  maintained  a  larger  head  volume  over 
longer  periods  of  time,  but  also  had  better 
foamability.  This  is  because  when  HP-55 
concentration  is  increased,  a  larger  quantity  of 
dispersed  HP-55  molecules  are  available  to 
stabilize  the  air-liquid  interface  created  during 
the  foaming  process.  In  addition,  with 
increasing  HP-55  concentration,  more 
precipitated  particles  would  also  be  available 
to  sterically  stabilize  the  disperse  (air)  phase. 
As  in  most  particle  stabilized  systems,  HP-55 
particles  will  form  a  shell  around  the  bubbles 
in  the  foam  to  prevent  coalescence  and  hinder 
coarsening.  In  addition,  they  will  also  jam  in 
the  foam  lamella  and  plateau  borders  to  slow 
the  drainage  of  liquid  from  the  foam  head 
(Figure  3).  After  bubbles  extracted  from  foam 
stabilized  by  1%  HP-55  were  air  dried  for  5 


0 

m 

-5 

A 

-10 

> 

-15 

* 

TO 

• 

_20 

— ◄ 

_i _ 

Q. 

vV  “25 

1 

-30 

i 

-  "*  I 

1 

-35 

Particles  +  Supernatant  f 

A  Supernatant 

-40 

j _ 1 _ i _ 1 _ i _ 1 _ i _ 1 _ i _ 1 _ . _ 1 _ . _ 1 _ . _ 1 _ i _ L_ 

1.5  2.0  2.5  3.0  3.5  4.0  4.5  5.0  5.5 

PH 


Figure  2.  (^-potential  of  HP-55  suspension  (particles  + 
supernatant)  (  ■  ,  •)  and  supernatant  (A),  (^-potential 
increases  with  an  increase  in  pH  and  begins  to  decrease 
near  the  pH  at  which  HP-55  dissolves  back  into  solution. 
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Figure  1.  Micrograph  showing  HP-55  particle 
aggregates.  Scale  bar  =100  pm. 


ARO  Final  Report  -  Velev 


3 


hours,  they  remained  intact  whereas  bubbles  from  foam  containing  only  0.2%  HP-55  did  not  demonstrate 
any  stability  against  drying  (Figure  4).  This  shows  that  a  critical  concentration  of  particles  is  necessary  to 
stabilize  the  air-liquid  interface  in  the  foam  system. 

If  the  foam  volume  or  liquid  volume  decay  times  are  extracted  from  the  experimental  data  shown 
in  Figure  3  and  plotted  as  a  function  of  HP-55  concentration,  it  can  be  noted  that  there  is  a  critical  break 
which  occurs  between  [HP-55]  =  0.63%  and  [HP-55]  =  0.75%  (Figure  5).  Within  this  range  of 
concentrations,  the  foam  makes  a  transition  from  low  to  high  stability.  From  this,  it  can  be  deduced  that 
the  minimum  volume  fraction  of  particles  necessary  to  stabilize  the  air-liquid  interface  in  this  system  is 
between  10-12  vol%  of  particles  in  the  pre-foamed  liquid  dispersion. 


Figure  3.  (a)  Foam  volume  vs.  time  for  foams  containing  varying  concentrations  of  HP-55,  (b)  Liquid  volume 
drained  from  foam  vs.  time  for  foams  containing  varying  concentrations  of  HP -5 5. 


Figure  4.  (a)  Bubbles  from  1  w/v%  HP-55  foam  after  air  drying  for  5  hours,  (d)  Bubbles  from  0.2  w/v%  HPMCP 
foam  after  air  drying  for  5  hours. 
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To  better  understand  the  mechanism  by  which 
HP-55  stabilizes  air-liquid  dispersions,  foam 
films  containing  the  modified  cellulose  were 
observe  in  a  TFPB.  When  a  liquid  meniscus 
formed  by  a  1%  HP-55  dispersion  was  thinned 
in  the  apparatus,  we  observed  the  formation  of 
gels  from  the  compression  of  HP-55  particles  in 
the  hole  of  the  porous  disc  (Figure  6).  Thus,  at 
high  cellulose  concentrations  (which  were  used 
in  our  previous  work)  foams  are  sterically 
stabilized  by  particle  gel  networks,  which  form 
in  the  lamella  of  the  foam  subsequent  to 
gravitational  liquid  drainage.16"18  Particle 
bridging  would  result  in  a  higher  effective 
viscosity  in  the  continuous  phase  as  well  as  the 
retardation  of  foam  aging  mechanisms  -  namely 
liquid  drainage  from  the  foam  and  interbubble 
gas  diffusion.20  For  subsequent  experiments, 
particle  dispersions  were  diluted  to  0.75%, 
0.63%,  0.5%,  0.35%,  and  0.2%  HPMCP,  and 
the  morphologies  of  foam  films  formed  by 
these  dispersions  observed.  The  statistics  of  film  vs.  gel  formation  in  the  P2  frit  are  summarized  in  Figure 
7.  As  seen  in  this  figure,  the  likelihood  of  gel  formation  decreases  with  decreasing  HP-55  concentration, 
exhibiting  a  critical  transition  between  majority  instances  of  gel  formation  and  majority  instances  of  film 
formation  between  HPMCP  concentrations  of  0.75%  and  0.63%.  These  results  correlate  well  with  the 
transition  observed  in  the  decay  times  extracted  from  foaming  experiments  presented  in  the  previous 
section  (Figure  5).  This  implies  that  the  concentration  of  particles  in  the  system,  which  corresponds  to 
varying  degrees  of  interface  coverage  by  particles  in  a  bulk  foam,  can  be  well  associated  with  the 
different  types  of  film  morphologies  observed  in  the  TFPB. 


HPMCP  Concentration  (w/v%) 

Figure  5.  Foam  volume  decay  time  (FVDt)  and  liquid 
volume  decay  time  (LVDt)  as  a  function  of  cellulose 
concentration. 


Figure  6.  Micrographs  following  the  thinning  of  gel-film  stabilized  by  1%  w/v  HP-55as  observed  in  a  TFPB.  (a) 
Liquid  meniscus  containing  large  HP-55  aggregates  prior  to  liquid  drainage  from  capillary  cell;  (b)  film  during 
drainage;  and  (c)  gel-film  resulting  from  liquid  drainage.  Scale  bar  =100  pm. 
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At  non-gelling  concentrations  of  HP-55, 
we  observed  the  formation  of  nonhomogeneous 
thin  films  (Figure  8).  As  seen  in  these 
micrographs,  thin  films  formed  from  lower 
concentration  dispersions  of  HPMCP  contain 
bright  white  spots  inside  a  gray  film.  This  shows 
that  small  HP-55  particles  and  (larger)  particle 
aggregates  can  co-adsorb  at  the  air-liquid 
interface  along  with  dispersed  HP-55  polymer, 
although  it  is  unclear  if  this  is  the  actual 
mechanism.  Another  possibility  is  that  particles 
are  trapped  by  the  2D  polymer-gel  network 
formed  by  dispersed  HP-55  molecules.21"23  It  can 
be  postulated  that  during  the  formation  of 
cellulose  foams,  smaller  particles  and  dispersed 
HP-55  polymer  most  likely  diffuse  first  to  the  air- 
liquid  interface  with  larger  HP-55  particles  and 
particle-aggregates  forming  a  shell  around  the 
bubbles  in  a  secondary  adsorption  step.  As  the 
concentration  of  HP-55  is  increased  in  the  test 
suspension,  the  number  of  particles  trapped  in  the 
foam  film  also  increases. 

As  the  concentration  of  particles  in  the  test  suspension  was  increased,  a  higher  number  of  large 
HP-55  particles  was  observed  in  the  foam  film  (Figure  8).  Further  increase  in  HP-55  particle 
concentration  resulted  in  the  compression  of  the  particles  in  the  meniscus  to  form  a  solid  gel  upon  liquid 
drainage  from  the  porous  frit.  When  the  instances  of  film  formation  and  gel  formation  were  characterized 
as  a  function  of  HP-55  concentration  in  the  test  suspension,  a  transition  between  majority  film  formation 
and  majority  gel  formation  in  the  TFPB  was  observed  between  0.63  w/v%  and  0.75  w/v%  HP-55.  Since 
these  data  are  commensurate  with  a  sharp  transition  in  the  liquid  drainage  decay  time  which  was  extracted 
from  foaming  experiments,  it  can  be  concluded  that  HPMCP  foams  become  superstable  at  particle 
concentrations  where  there  is  a  high  instance  of  particle  gel  formation  in  the  foam  film  (of  the  bulk  foam 
system)  following  liquid  drainage.  Thus,  although  dissolved  HPMCP  molecules  can  diffuse  to  the  air- 
liquid  interface  more  quickly  and  can  form  2D-gels  in  thin  liquid  films,  the  presence  of  a  certain  threshold 
concentration  of  particles  is  ultimately  necessary  for  a  jump  increase  in  foam  and  foam  film  stability 
(Figure  9). 


Figure  7.  Statistics  of  gel  vs.  film  formation  for  HP-55 
dispersions  at  different  concentrations.  Percentages  were 
calculated  from  ten  films  formed  per  sample  with  data 
for  each  concentration  averaged  over  three  different 
samples. 
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Figure  8.  Micrographs  showing  film  morphology  as  a  function  of  HP-55  concentration.  (Column  A)  0.2  w/v%  HP- 
55  suspension;  (Column  B)  0.35  w/v%  HP-55  suspension;  (Column  C)  0.63  w/v%  HP-55  suspension.  The  times 
shown  represent  time  elapsed  from  initial  film  formation.  Scale  bar  =100  pm. 
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[HPMCP]  <  0.63  w/v%  [HPMCP]  >  0.75  w/v% 


Figure  9.  (a)  Schematic  of  foam  system  with  adsorbed  HPMCP  and  micrograph  of  foam  film  stabilized  by 
hydrophobized  cellulose  at  concentrations  below  the  transition  threshold.  Foams  at  these  concentrations  have  short 
decay  times  as  a  result  of  insufficient  interface  coverage  by  particles,  (b)  Schematic  of  foam  system  with  adsorbed 
HPMCP  and  micrograph  of  foam  film  stabilized  by  HPMCP  at  concentrations  above  the  transition  point.  Sufficient 
interface  coverage  by  particles  results  in  steric  stabilization  of  cellulose  foams  by  the  formation  of  a  particle -gel 
network. 


Future  Perspectives.  While  examining  the  mechanism  of  HP-55  foam  and  foam  film  stabilization,  it  was 
noticed  that  in  the  system  stabilized  by  modified  cellulose  particles,  there  also  exists  a  molecularly 
dispersed  species  of  HP-55  polymer  in  solution.  This  molecular  species  most  likely  helps  to  lower  the 
tension  at  the  air-liquid  interface  and  can  also  impact  the  adsorption  of  HP-55  particles  at  the  air-liquid 
interface  in  foam  systems.  Thus,  future  work  will  involve  studies  to  examine  the  role  of  the  dispersed 
polymeric  species  of  HP-55  on  the  adsorption  of  HP-55  particles  at  the  air-liquid  interface  and  on  foam 
and  foam  stability.  A  manuscript  for  the  work  presented  above  is  currently  in  preparation.  In  the  realm  of 
foams  stabilized  by  particles  from  naturally  derived  materials,  we  published  a  review  article  this  year  in 
Current  Opinion  in  Colloid  and  Interface  Science.24 

Magneto-Pickering  Foams.  In  this  project  pertaining  to  the  engineering  of  stimuli-responsive  foams 
which  are  stable  until  collapsed  using  an  external  magnetic  field,  we  elucidate  the  change  in  foam 
properties  as  a  function  of  age,  and  correlate  these  changes  to  the  destruction  pattern  of  the  foams.  The 
time  evolution  of  the  water  fraction  in  the  magnetic  foam  system  will  be  reported  first  since  it  serves  as  a 
basis  for  the  explanation  of  the  other  properties  that  are  measured  in  this  work.  We  quantified  the  water 
fraction  in  our  foams  as  a  function  of  age  (Figure  10)  and  demonstrated  that  our  foams  (2.7  wt%  Fe)  start 
with  -50%  water  and  that  after  a  week,  still  contain  -25%  water.  The  standard  classification  used  for 
foam  water  content,  8,  is  as  follows:  8  >  0.35  (bubbly  liquid);  8  -  0.35  (wet  foam);  8  <  0.01  (dry  foam).25 
This  means  that  the  liquid  retention  capability  of  the  foam  system  studied  here  is  much  higher  than  that  of 
conventional  foam  systems.  We  also  compared  the  drainage  behavior  of  our  foam  to  surfactant  foams 
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using  a  common  drainage  model  which  expresses 
water  fraction  as  a  function  of  time:  8  ~  t"p.26  For 
surfactant  foams,  the  value  of  P  is  usually  between 
2/3  and  1.  For  our  system,  the  value  of  |3maxis  1/6, 
which  tells  us  that  our  foams  drain  much  slower 
than  conventional  foams. 

Rheological  properties  of  the  foam  such  as 
the  viscous  and  elastic  moduli,  G”  and  G’ 
respectively,  were  measured  at  different  points 
during  the  aging  process  of  the  foam  to  determine 
the  effect  of  aging  on  the  viscoelastic  properties  of 
the  foam.  The  experiments  were  performed  using 
an  AR2000  rheometer  from  TA  instruments.  In 
these  experiments,  G’  and  G”  were  measured  as  a 
function  of  stress  as  well  as  angular  frequency.  We 
found  that  from  a  rheological  standpoint,  since  G’ 

>  G”  for  all  the  samples  tested,  our  foams  can  be 
considered  to  be  gel-like  materials  (Figure  11a). 

We  also  found  from  these  measurements  that  as  the 
foams  age,  the  elastic  modulus  of  the  foam 

increases  while  the  viscous  modulus  of  the  foam  decreases  (Figs.  11a  and  lib).  These  data  confirm  the 
general  model  for  age-dependent  foam  breakdown  because  as  the  foam  ages,  the  films  between  the 
bubbles  thin  as  a  result  of  the  drainage  of  water  from  the  foam.  This  causes  the  bubbles  and  particles  in 
the  foam  to  pack  closer  together,  causing  drier  foams  to  have  a  more  elastic  response  when  an  oscillatory 
stress  is  applied.  This  effect  is  clearly  outlined  in  Fig.  lib,  which  shows  the  decay  of  G”/G’  overtime. 
G”/G’  is  a  rheological  parameter  also  known  as  tan5,  which  is  a  measure  of  material  damping. 


Figure  10.  Foam  water  fraction  as  a  function  of  time 
at  different  carbonyl  iron  concentrations.  All  samples 
make  a  transition  from  “wet”  to  “dry”  foams. 


Figure  11.  (a)  Plot  of  G’  and  G”  as  a  function  of  angular  frequency.  The  elastic  modulus  of  the  foam,  G’,  increases 
as  the  foam  gets  older  while  the  viscous  modulus  of  the  foam,  G”,  decreases  with  age.  The  shape  of  the  curves,  and 
the  fact  that  G’>  G”  are  characteristic  of  a  gel-like  material,  (b)  Plot  of  G”/G’  as  a  function  of  sample  age.  This 
plot  shows  that  as  the  foam  ages,  elastic  effects  begin  to  dominate  viscous  effects. 
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The  magnetization  behavior  of  a  fresh  and  one 
day  old  foam  were  measured  using  a  SQUID 
to  determine  if  there  was  a  difference  in  the 
magnetic  susceptibility  of  the  two  systems. 

The  magnetization  curves  demonstrate  that  the 
one  day  old  foam  has  a  higher  magnetization 
saturation  value  than  the  fresh  foam  (Figure 
12).  Using  this  data,  we  calculated  the 
magnetic  susceptibility,  of  the  two  systems 
to  be:  Xfresh  =  0.0005  emu/gOe  and  Xoid  = 

0.0022  emu/gOe.  From  this  we  can  conclude 
that  as  the  foam  ages,  the  magnetic 
susceptibility  per  mass  of  foam  increases.  This 
effect  is  most  likely  the  product  of  the 
drainage  of  water  from  the  foam,  which  results 
in  thinner  films  and  an  increase  in  the 
concentration  of  the  magnetic  particles  per 
volume  of  foam  remaining.  Taking  the 
magnetization  data  into  account  with  the 
rheological  and  water  fraction  data,  we  can 
further  refine  and  quantify  the  mechanism  for 
foam  destruction  in  the  presence  of  a  field. 

Previously,  we  had  proposed  the  hypothesis  that  fresher  foams  are  more  resistant  to  destruction  by  a 
magnetic  field  since  its  higher  water  content  and  thicker  films  allowed  for  the  movement  of  loose  iron 
particles  around  the  bubbles.  Drier  foams,  having  lower  water  content  and  thinner  films,  provide  no  room 
for  the  rearrangement  of  loose  particles  and  bubbles  in  a  magnetic  field.  This  results  in  the  rapid 
destruction  of  older  foams  with  respect  to  fresher  foams.  The  data  presented  here  supports  part  of  this 
original  hypothesis,  and  also  offers  a  more  complete  explanation  behind  the  different  mechanisms  of 
foam  destruction  in  fresh  and  old  foams.  Fresh  or  younger  foams  have  higher  liquid  content  and  thicker 
films.  This  does  allow  room  for  the  rearrangement  of  loose  particles  when  the  system  is  exposed  to  a 
magnetic  field. 

The  newly-formed  foam  systems  are  also  less  susceptible  to  a  magnetic  field  as  a  result  of  the 
dispersion  of  iron  particles  in  the  system  over  a  larger  volume.  Thus,  when  the  foam  is  exposed  to  a 
magnetic  field,  the  attractive  force  between  the  particles  and  the  magnet  is  not  high  enough  to  rapidly 
destroy  the  foam.  Optical  microscope  videos  of  the  response  of  wet  foam  to  a  magnetic  field  show  the 
presence  of  thick  films;  when  a  magnetic  field  is  applied,  the  system  travels  as  a  whole  toward  the  source 
of  the  field.  The  process  of  defoaming  does  not  occur  until  the  whole  foam  body  has  shifted  toward  the 
field.  Drier  or  older  foams  have  a  lower  liquid  content  and  include  thinner  films,  which  allots  little  room 
for  the  loose  iron  particles  to  rearrange  in  a  magnetic  field.  These  foams  also  have  a  higher  magnetic 
susceptibility  because  as  water  drains  from  the  foam,  the  volume  of  the  foam  body  shrinks  resulting  in  an 
increase  in  the  number  of  carbonyl  iron  particles  per  unit  volume  of  foam.  Thus,  when  these  foams  are 
exposed  to  a  magnetic  field,  not  only  is  the  force  of  attraction  between  the  magnetic  particles  and  the 
magnet  higher,  but  because  the  contents  of  the  foam  are  more  tightly  packed,  the  particles  induce  tension 
on  the  films  between  the  bubbles  when  travelling  toward  the  magnet.  This  causes  the  films  to  break  down, 
resulting  in  the  rapid  destabilization  of  the  foam  through  bubble  popping  as  well  as  bubble  coalescence. 
The  difference  between  these  two  scenarios  is  illustrated  in  Figure  13. 

Additionally,  we  have  derived  two  expressions  to  estimate  the  number  of  particles  necessary  to 
induce  foam  collapse  in  each  of  the  scenarios.  This  was  done  to  check  whether  the  proposed  mechanisms 
corroborated  well  with  the  components  in  the  system.  The  minimum  number  of  particles  needed  to 
collapse  the  foam  in  each  scenario  was  evaluated  as  follows: 


Figure  12.  Magnetization  curves  for  magneto-Pickering 
foams.  These  curves  represent  the  mass  magnetization  as  a 
function  of  applied  magnetic  field  for  fresh  and  1-day  old 
foams  at  300  K  and  2.7  wt%  Fe. 
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In  these  expressions,  Fmag  is  the  magnetic  force  that  the  field  exerts  on  one  iron  particle,  Np  is  number  of 
particles,  AP  is  the  Laplace  pressure  inside  an  air  bubble,  R  is  the  radius  of  the  bubble,  y  is  the  energy  at 
the  air-water  interface,  and  /stretch  is  the  length  over  which  the  particles  act  to  stretch  the  bubble.  For  the 
fresh  foam  system,  we  evaluate  the  force  that  leads  to  the  expulsion  of  one  air  bubble  from  the  foam 
matrix.  The  pressure  inside  a  bubble  of  radius  R  exceeds  that  outside  it  by  the  Laplace  pressure  (AP  = 
2y/R).  To  squeeze  a  bubble  out  of  the  foam  matrix,  a  force  must  be  exerted  to  overcome  the  Laplace 
pressure  distributed  over  the  cross-sectional  area  of  the  bubble  (ttR2).  In  this  case,  the  force  that  is  exerted 
in  opposition  to  the  Laplace  pressure  is  the  force  of  attraction  between  the  Cl  particles  around  the  bubble 

and  the  applied  magnetic  field  (N™et  Fmag ).  In  Eqn.  1,  we  have  equated  the  Laplace  pressure  of  one  air 

bubble  to  the  total  force  of  attraction  between  the  Cl  particles  around  the  bubble  to  the  magnetic  field. 
This  equation  can  be  used  to  estimate  the  number  of  Cl  particles  necessary  to  induce  collapse  by  air 
expulsion  from  a  fresh  foam  sample.  As  the  foam  ages,  magnetic  and  HP  particles  are  compressed  and 
immobilized  in  the  less  fluid  films  as  water  drains  out  by  gravity.  The  particles  in  the  thin  gel-like  films 

lose  their  mobility  and  exert  collective 
stresses  on  the  film  when  magnetized.  In 
this  model,  the  destruction  of  the  dry  foam 
is  based  on  the  rupture  of  thin  films  between 
adjacent  bubbles.  In  Eqn.  2,  we  have 
equated  the  force  needed  to  rupture  a  thin 
film  (ylstretch)  to  the  total  force  exerted  on  the 
film  by  the  attraction  between  Cl  and  the 

magnetic  field  ( NdpryFmag ).  In  this  model, 

the  magnetic  pull  of  the  particles  is  opposed 
by  the  tension  (y)  at  the  bubble  surfaces. 

We  determined  the  minimum 
number  of  particles  necessary  to  induce 
foam  collapse  in  the  case  of  wet  and  dry 
foams  using  the  above  derived  expressions, 
and  compared  the  values  for  the  estimated 
number  of  particles  needed  to  induce 
collapse  to  the  actual  number  of  particles  in 
the  foam  head.  The  number  of  magnetic 
particles  loaded  into  a  foam  can  be 
approximated  to  be  2xl010  (considering  a 
concentration  of  2.7  wt  %  Fe).  According  to 
the  expression  above,  approximately  4000 
iron  particles  are  needed  to  squeeze  one 
bubble  out  of  the  wet  foam  matrix;  and  in 
the  case  of  drier  foams,  approximately  600 
iron  particles  are  required  to  rupture  a  film. 
These  values  are  consistent  with  the  number 
of  Cl  particles  in  the  foam,  validate  our 


Figure  13.  (a)  Snapshots  of  microscopic  collapse  process  for 
wet  foam  (top  row)  and  dry  foam  (bottom  row),  (b) 
Mechanism  of  foam  collapse  as  a  function  of  age. 
Mechanism  of  collapse  for  wet  foam  -  bubble  ejection  from 
particle  matrix  by  magnetic  field  (top  row).  Mechanism  of 
collapse  for  dry  foam  -  film  rupture  via  stretching  by 
magnetic  field  (bottom  row). 
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proposed  collapse  mechanisms,  and  give  us  a  semi-quantitative  estimate  pertaining  to  the  magnitude  of 
the  forces  necessary  to  induce  foam  collapse.  They  also  explain  the  drastic  increase  in  the  foam 
responsiveness  and  rate  of  destruction  with  time,  as  the  number  of  particles  in  the  aged  system  becomes 
nearly  an  order  of  magnitude  larger  than  the  one  needed  to  induce  foam  destruction. 

The  effect  of  age  on  the  magnetic  properties  of  the  foam  was  also  exemplified  in 
magnetorheology  experiments  performed  for  the  HP/Fe  system.  Results  from  dynamic  oscillatory 
experiments  are  presented  below.  From  Figure  14,  it  can  be  seen  that  for  a  fresh  foam  sample  the  elastic 
modulus  increases  with  an  increase  in  the  strength  of  the  applied  field.  This  effect  results  from  the 
chaining  of  the  carbonyl  iron  particles  in  the  foam.  As  the  strength  of  the  applied  magnetic  field  is 
increased,  the  strength  of  the  particle  chains  resisting  deformation  also  increases,  resulting  in  improved 
rheological  properties  (increase  in  G’).  The  effect  of  the  applied  (homogeneous)  magnetic  field  on  the 
mechanical  properties  of  the  magnetic  foams  is  similar  to  that  typically  observed  for  magnetorheological 
(MR)  fluids.27  In  MR  fluids,  both  the  complex  modulus  and  yield  stress  have  been  observed  to  be 
enhanced  by  the  application  of  a  magnetic  field  to  induce  an  attractive  force  between  the  magnetically 
responsive  particles  in  the  sample.  The 
strength  of  attraction  between  magnetic 
particles  has  been  shown  to  increase  with 
increasing  field  strength.27"29 

By  extracting  the  linear  elastic 
modulus  (G’lin)  and  the  yield  stress  (xy)  from 
stress  sweep  curves  like  those  presented  in 
Figure  14,  the  relationship  between  G’un  and 
Ty  and  the  strength  of  the  applied  field  can  be 
obtained  (Figure  15).  As  seen  in  Figure  15, 
both  G’iin  and  xy  increase  with  the  strength  of 
the  applied  field.  As  mentioned,  the  improved 
mechanical  properties  measured  for  the  foam 
with  increasing  field  strength  results  from  an 
increase  in  the  attractive  force  between 
magnetic  particles  in  stronger  magnetic 
fields.  Another  relationship  which  can  be 
observed  is  that  between  the  mechanical 
properties  of  the  samples  tested  and  the  age 
of  the  samples.  As  shown  in  Figure  15,  as 
the  age  of  the  sample  increases,  the  linear 
modulus  and  yield  stress  also  increase;  this 
data  agrees  well  with  the  dynamic  oscillatory 
data  presented  above  for  magnetic  foams  tested  using  the  AR2000  rheometer.  The  plots  for  G’lin  and  xy  as 
a  function  of  sample  age  show  a  transition  after  ~  1  day  of  aging,  which  was  previously  observed  for  the 
foam  in  the  absence  of  a  magnetic  field  (Figures  10  and  11).  The  age  dependent  rheological  properties  of 
the  foam  both  in  the  absence  and  presence  of  a  magnetic  field  most  likely  result  from  a  change  in  foam 
microstructure  with  liquid  drainage  during  the  aging  process.  Additionally,  the  results  in  Figure  15  also 
show  aged  foam  samples  to  exhibit  a  stronger  response  to  an  increase  in  magnetic  field  strength.  This 
result  correlates  well  with  our  observations  for  foam  collapse  as  well  as  with  the  data  obtained  from 
SQUID  magnetometry. 
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Figure  14.  Storage  modulus  (G’)  as  a  function  of  shear 
stress  for  fresh  foam  samples  tested  under  different 
magnetic  field  strengths.  As  the  strength  of  the  applied  field 
is  increased,  G’  also  increases. 
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Figure  15.  (a)  Linear  elastic  modulus  for  HP/Fe  foam  samples  as  a  function  of  sample  age  for  foams  tested  when  the 
strength  of  the  applied  field  is:  0  T  (blue),  0.33  T  (yellow),  and  0.64  T  (purple),  (b)  Foam  yield  stress  as  a  function 
of  sample  age  for  foams  tested  under  different  magnetic  field  strengths:  0  T  (blue),  0.33  T  (yellow),  and  0.64  T 
(purple).  Both  the  linear  modulus  and  yield  stress  increase  with  increasing  sample  age  and  magnetic  field  strength. 


Formation  of  Novel  Solid  Foams.  Hierarchical  porosity  has  been  shown  over  the  past  decade  to  enhance 
the  functionality  of  many  different  materials,  including  biomedical  implants  and  catalysts.30,  31  Porous 
materials  are  currently  being  investigated  across  different  research  fields  and  can  be  generated  using  the 
following  methods:  solution  casting,  gel  casting,  particulate  leaching,  gas  saturation,  lithography,  bio- 
templating,  electrospinning  as  well  as  rapid  prototyping  (just  to  name  a  few).32, 33  Although  not  discussed 
in  detail  here,  each  of  these  processes  possess  drawbacks,  mostly  involving  scalability  or  harsh  processing 
conditions.  What  if  there  was  a  more  scalable  and  simple  method  by  which  to  produce  materials  with 
hierarchical  porosity?  Foams  of  varying  stability  and  microstructure  can  be  formed  by  tuning  the 
characteristics  of  the  particles  employed  in  making  the  air-in-liquid  dispersion.  The  wettability  of 
particles  employed  in  foam  stabilization  can  be  controlled  by  regulating  the  percentage  of  hydrophobic 
groups  on  their  surfaces.  Thus,  particles  of  any  chemical  nature  (metallic,  polymeric,  biopolymeric,  etc.) 
can  potentially  be  used  to  make  Pickering  foam  as  long  as  they  have  the  correct  wettability.  In  addition, 
foam  structure  (i.e.  pore  size,  porosity,  lamella  thickness)  can  be  tuned  by  varying  the  particle  contact 
angle  with  the  air-liquid  interface,  concentration  of  particle  stabilizers  in  the  foam,  as  well  as  by  varying 
the  content  of  other  foam  additives  (polymers,  surfactants,  gelling  agents,  etc.).34  Some  examples  of 
porous  materials  which  have  been  generated  using  the  direct  foaming  method  include  materials  for 
scaffolds  as  well  as  catalyst  supports.35, 36 

In  preliminary  experiments,  we  demonstrated  that  solid  stimuli-responsive  porous  materials  could 
be  generated  from  the  aqueous  magnetic  foams  presented  above.  One  popular  method  for  producing 
porous  solid  materials  from  foams  as  well  as  colloidal  dispersions  of  elongated/asymmetric  particles  is 
freeze-drying  or  lyophilization.  Foams  were  poured  directly  from  the  blender  jar  into  plastic  50  mL 
centrifuge  tubes  in  which  the  samples  were  allowed  to  drain  for  ~  30  mins.  The  drained  liquid  was 
extracted  using  a  needle  and  the  remaining  foam  stored  at  -80°C  for  preservation  of  structure  prior  to 
freeze-drying.  Solid  foams  obtained  after  lyophilization  demonstrated  selectivity  for  oil  absorption  over 
water  absorption  owing  to  the  hydrophobically-modified  cellulose  used  to  stabilize  the  aqueous  magnetic 
foams  (Figure  16).  Solid  foam  samples  could  be  manipulated  using  a  permanent  magnet  subsequent  to  oil 
adsorption  (Figure  17).  This  preliminary  data  demonstrates  the  versatility  of  biopolymeric  particulate 
stabilizers  for  the  production  of  solid  functional  materials  from  aqueous  foams.  Such  solid  porous 
materials  can  potentially  be  utilized  for  oil  cleanup  as  well  as  collection  of  other  hydrophobic 
contaminants.  In  addition,  from  the  perspective  of  sustainability,  the  foams  produced  in  this  work  have 
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the  added  advantage  of  being  generated  mostly  from  a  renewable  material.  It  is  the  hope  of  the  authors 
that  the  results  of  this  dissertation  will  contribute  to  a  new  generation  of  sustainable  materials  where 
naturally  renewable  sources  are  processed  into  colloidal  structures  with  enhanced  functionality,  and  are 
used  in  novel  hybrid  materials  like  those  presented  here. 


Figure  16.  Solid  magnetically-responsive  foam  stabilized  by  HPMCP.  (a)  Photograph  of  a  water  droplet  atop  of  a 
solid  magnetic  foam  sample.  Notice  that  the  droplet  is  not  absorbed  by  the  foam,  (b)  Photograph  showing  absorption 
of  oil  by  the  same  foam  sample  (at  top  right  corner  of  sample). 


Figure  17.  Series  of  photographs  showing  the  migration  of  a  solid  foam  sample  toward  the  source  of  the  applied 
magnetic  field  (subsequent  to  oil  absorption). 

Future  Perspectives.  The  future  work  in  this  new  directions  may  involve  developing  a  quantitative 
technique  by  which  to  study  single  films  of  different  ages,  and  to  correlate  the  rheological  properties  of 
these  films  to  the  collapse  behavior  of  the  wet  and  dry  foams.  Additional  work  to  refine  the  process  for 
developing  solid  foams  which  could  be  manipulated  using  external  stimuli  may  also  follow.  As 
mentioned  in  the  past  updates,  we  have  published  two  articles  pertaining  to  our  work  on  formulating  and 
characterizing  the  age-dependent  collapse  properties  of  magneto-Pickering  foams.  One  article  was 
published  in  JACS  in  201 1  and  a  second  one  was  recently  published  in  Langmuir  in  2013. 17, 18 
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Development  of  Novel  Multi-Stimuli 
Responsive  Foams.  As  described  above,  we 
generated  photo-responsive  foam  by  combining  a 
thermally  responsive  polymer  (12-hydroxystearic 
acid)  with  light  absorbent  particles  (carbon  black 
particles  or  CBP)  in  the  continuous  phase  of  a 
foam  (Figure  18).  Ethanolamine  counterion  was 
added  to  the  12-HSA  mixture  to  control  the 
temperature  at  which  the  fatty  acid  assembly  will 
transition  from  tube-like  structures  to  micelles. 
The  stability  of  foams  made  with  12-HSA  have 
already  been  characterized.  In  addition,  it  is  well 
known  that  tubular  assemblies  of  this  specific 
fatty  acid  can  produce  very  stable  foams  and  that 
the  stability  of  these  foams  can  be  tuned  by 
changing  the  temperature  of  the  system.37  We  first 
showed  that  the  addition  of  CBP  to  the  12-HSA 
foam  did  not  reduce  the  stability  of  the  foam.  In 
fact  a  CBP/12-HSA  foam  can  remain  stable  for 
several  months.  Foam  collapse  was  induced  by 
illuminating  the  sample  with  a  UV  light.  CBPs  in 
the  foam  absorb  the  incident  UV  light  and  heat  up 
to  a  temperature  above  that  of  the  Ttransition  of  12- 
HSA.  This  causes  the  fatty  acid  tubes  in  the  foam 
to  transition  from  tubules  to  micelles,  resulting  in 
foam  collapse.  We  observed  the  photothermal 
collapse  of  the  12-HSA/CBP  foams  using  an  IR 
camera.  Snapshots  from  the  IR  movie  in  Figure 


Figure  18.  Photographs  of  a  freshly-made  foam  with 
microscope  images  corresponding  to  the  foam  head 
and  liquid  drained  out  of  the  foam,  (a)  Micrograph  of 
fresh  foam  showing  thick  foam  films  containing  12- 
HSA  tubes  and  CBP.  (b)  12-HSA  tubes  and  carbon 
black  particles  in  solution.  The  scale  bar  represents  50 
pm. 


19  show  that  under  UV  illumination,  the  temperature  inside  the  foam  reaches  50°C,  which  is  >  than  the 
12-HSA  T transition  of  45°C.  The  heating  of  the  CBPs  in  the  foam  lamella  above  Ttransition  causes  the  fatty 
acid  assemblies  in  the  foam  to  rearrange  from  tubes  to  micelles,  resulting  in  foam  collapse.  The  collapse 
properties  of  this  foam  system  were  evaluated  as  a  function  of  system  composition  (Fig.  20).  In  brief,  we 
found  that  the  rate  of  foam  collapse  increased  with  increasing  CBP  concentration  and  decreasing  water 
fraction  in  the  foam  lamella.  In  addition,  we  also  observed  that  there  was  an  optimal  fatty  acid 
concentration  at  which  foam  collapse  was  rapid,  and  that  above  this  concentration,  foam  collapse  slowed. 


Foam  with  Carbon  Black  Particles  Control  Foam 


Figure  19.  Snapshots  extracted  from  IR  movies  showing  the  temperature  profiles  of  a  12-HSA/CBP  foam 
sample  contained  in  a  glass  vessel  (a)  before  irradiation  with  UV  light,  and  (b)  60  seconds  after  UV  light 
irradiation,  (c)  Control  foam  sample  7  minutes  after  UV  light  irradiation. 
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We  hypothesized  that  this  was  because  the 
viscosity  of  the  fatty  acid  tube  solution  has  to 
be  high  enough  to  trap  a  considerable  amount 
of  CBP  inside  the  foam  liquid  channels,  but 
at  the  same  be  low  enough  to  form  foams 
which  are  not  very  wet. 

We  also  showed  the  12-HSA  and  CBP  foams 
could  be  destroyed  using  sunlight.  This 
demonstrated  the  potential  for  making  foams 
which  are  responsive  to  solar  illumination.  In 
addition,  we  tested  how  easily  the  method  for 
making  photothermal  foam  could  be 
extended  by  using  other  types  of  light 
absorbent  particles,  such  as  metallic  particles 
in  place  of  CBPs.  For  this  test,  we  used  the 
same  carbonyl  iron  particles  which  had  been 
utilized  in  the  magneto-Pickering  foam 
project.  We  tested  the  response  of  12-HSA 
foam  containing  carbonyl  iron  to  various 
stimuli  and  saw  that  it  was  not  only  photo- 
responsive,  but  also  thermally  and 
magnetically  responsive  (Figure  21).  This 
account  of  a  multi-stimuli  responsive  foam  is 
the  first  account  which  has  been  reported  to 
our  knowledge.  In  summary,  we  have 
produced  a  foam  which  is  responsive  to 
thermal,  light  as  well  as  magnetic  stimulus 
from  inexpensive  materials.  Not  only  is  the 
foam  stable  until  exposed  to  temperature, 
light  or  magnetic  stimulus  above  a  certain 
threshold;  but,  in  the  case  of  foam  collapse 
by  UV  illumination,  the  extent  of  collapse 
can  be  controlled  by  simply  removing  the  UV 
stimulus.  In  addition,  foams  can  easily  be 
regenerated  after  collapse. 

Future  Work.  Since  the  exact 
mechanism  by  which  the  12-HSA/CBP 
foams  collapse  in  response  to  UV 
illumination  remains  unclear,  we  hope  to 
perform  studies  which  can  help  shed  more 
light  on  this  aspect  of  the  system.  To  do  this, 
we  plan  to  study  thermal  gradients  in  the 
foam  resulting  from  heat  dissipation  from  the  CBPs  or  metallic  particles  in  the  foam  during  the 
application  of  UV  stimulus.  This  will  not  only  help  determine  whether  foam  collapse  is  due  to  poor  foam 
stabilization  by  nanometric-sized  micelles,  or  Marangoni  flows  created  as  a  result  of  the  transition  of  12- 
HSA  from  tubes  to  micelles;  but  can  also  potentially  demonstrate  how  Marangoni  flows  can  drive 
structural  collapse  in  wet  foams.  In  addition  this,  we  also  plan  to  formulate  and  demonstrate  UV- 
responsive  foamulsions.  UV  responsive  foamulsions,  which  contain  an  additional  liquid  phase,  can  serve 
as  potential  reactant  delivery  vehicles  in  water  remediation  processes.  Most  of  this  work  was  published  in 
Chemical  Science  in  2013,  and  was  not  only  highlighted  by  the  journal  but  also  a  news  site.37"39 
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Figure  20.  (a)  Evolution  of  the  foam  head  volume  as  a 
function  of  UV  illumination  time  for  foams  of  different  ages 
(different  water  fractions  due  to  pre-drainage  times),  (b) 
Evolution  of  foam  volume  as  a  function  of  the  illumination 
time  for  foams  containing  different  concentrations  of  12- 
HSA  with  a  fixed  concentration  of  CBP  (Monarch®  800)  at 
1  g/L.  All  samples  were  illuminated  10  minutes  after  the 
foam  formation,  (c)  Evolution  of  the  foam  volume  as  a 
function  of  illumination  time  for  foams  with  different 
concentrations  of  CBP  (Monarch®  800)  and  a  fixed  12-HSA 
concentration  of  10  g/L.  All  samples  were  tested  6  minutes 
after  the  foam  formation. 
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Formation  and  Application  of  Lignin  Particles  for  Colloidal  Stabilization.  Lignin,  whose  name  is 
derived  from  the  Latin  word  “lignum”  for  wood,  is  the  most  abundant  aromatic  compound  found  in 
nature.40  It  is  a  copious  natural  resource  and  has  many  potential  uses  as  a  dispersant,  chemical  precursor, 
and  as  a  constituent  of  composite  materials.40, 41  The  exact  chemical  structure  of  natural  lignin  may  vary, 
but  it  is  known  that  lignin  is  aggregated  in  vivo  in  the  cell  wall  of  woody  plants.42  There  are  three  main 
monolignols  (p-coumaryl  alcohol,  coniferyl  alcohol,  and  sinapyl  alcohol)  which  make  up  the  lignin 
macromolecule;  the  ratio  of  these  three  monolignols  vary  with  the  source  from  which  the  lignin  is 
obtained.43, 44, 45  In  addition,  the  processing  conditions,  which  natural  lignin  undergoes  (i.e.  sulfite  pulping, 
Kraft  pulping,  steam  explosion)  will  determine  its  end  functionality  as  well  as  molecular  weight  (MW).46 
Unlike  its  biological  counterpart,  cellulose,  lignin  is  amorphous  and  does  not  exhibit  any  structurally- 
generated  optical  properties.40,  47  The  inhomogeneity  in  the  structure  of  natural  lignin  across  different 
plant  species  translates  to  inefficiencies  in  its  separation  from  cellulose.  This  is  particularly  problematic  in 
the  biofuels  industry  where  lignin  and  hemicelluloses  need  to  be  removed  to  recover  cellulose  from  plants 
at  high  purity.48  Thus,  there  has  been  much  effort  devoted  to  understanding  the  colloidal  properties  of 
natural  as  well  as  modified  lignins  (i.e.  alkaline  lignin  and  lignosulfonates)  to  design  more  effective 
methods  by  which  to  separate  lignin  from  cellulosic  biomass.45,  46,  49  57  More  recently,  research  into 
different  forms  of  lignins  have  been  fueled  by  the  motivation  to  utilize  this  renewable  material  to  fabricate 
value-added  commodities  by  understanding  the  properties  and  elucidating  the  potential  of  these  natural 
aromatic  compounds  as  molecular  surfactants,  particulate  emulsifiers,  and  as  replacements  for  petroleum- 
based  synthetic  polymers.40, 58  61 

One  modified  form  of  lignin  which  has  been  a  popular  subject  of  study  over  the  past  few  decades 
is  Kraft  lignin  (KL).  Kraft  lignin  (aka  alkaline  lignin)  is  a  byproduct  of  the  Kraft  pulping  process,  which 
is  used  to  make  paper.  Every  year,  ~  5  million  tons  of  KL  is  generated  by  the  paper  industry  and  ~  98  % 
of  it  is  burned  as  fuel  in  paper  mills;  ~  2%  is  utilized  for  the  production  of  value-added  products.40  KL  is 
often  studied,  not  only  because  it  is  an  abundant  and  inexpensive  byproduct,  but  because  the  colloidal 
properties  of  this  type  of  lignin  can  lead  to  a  better  understanding  of  alkaline -based  separation  methods 
for  cellulose  purification  in  the  biofuel  as  well  as  pulp  and  paper  industries.  In  the  work  presented  here, 
foams  stabilized  by  KL  particles  are  generated  and  characterized.  Synthesis  parameters  are  tuned  so  that 
particles  with  improved  foam  stabilizing  attributes  may  be  formed.  Such  foams  could  have  potential 
applications  in  water  remediation  and  as  value-added  consumer  products. 

Lignin  particle  dispersions  containing  anisotropically-shaped  particles,  as  well  as  a 
microgel/mesh-like  network  were  prepared  using  a  water-based  shear  process  (Figure  22).  First, 
Indulin®AT  was  dissolved  in  deionized  water  at  PH  ~  12  to  prepare  a  stock  solution.  Particles  were 
synthesized  by  injecting  the  KL  solution  into  a  low  pH  (~  2)  medium  under  shear  (Cole-Palmer 
Servodyne  Mixer,  1500  rpm,  3  min)  to  induce  the  precipitation  of  the  KL  biopolymer  out  of  solution  in 
the  form  of  particles.  In  this  work,  particle/microgel  products  generated  via  this  process  are  termed 
“reformed  particles”.  The  dissolution  of  KL  with  an  increase  in  solution  alkalinity  and  precipitation  out  of 
solution  in  acidic  conditions  is  a  well-known  phenomenon  and  has  been  studied  by  other  authors.50, 55, 62  65 
KL  foams  were  generated  by  aerating  particle  and  microgel  dispersions  in  a  professional  blender  running 
at  15000  rpm  for  60  seconds  (Oster  Model  4242,  Sunbeam  Products,  Inc.,  Boca  Raton,  FL).  Samples 
were  subsequently  poured  from  the  blender  jar  into  graduated  cylinders  for  observation. 
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KL  particles  and 
microgel 


Figure  22.  Schematic  of  procedure  for  generation  of  KL  particle/microgel  mixture.  Corresponding  KL  structures 
show  the  ionization  of  hydroxyl  groups  during  the  different  stages  of  the  reformation  process. 


Particles  generated  using  the  water-based  shear  process  described  above  are  polydisperse  in  size 
(microns),  and  those  which  are  large  enough  for  visualization  under  optical  microscopy  are  either  rod¬ 
shaped  or  plate-like  (Figure  23).  From  previous  studies  it  is  well  known  that  a  decrease  in  solution  pH 
results  in  the  protonation  of  phenolic  and  aliphatic  hydroxyl  groups  on  the  KL  macromolecule.  This  is 
followed  by  hydrogen  bonding  in  the  loose  surface  regions  of  lignin  between  protonated  hydroxyl  groups, 
resulting  in  polymer  aggregation  to  form  particles.46, 50"53, 66  Despite  the  varying  shapes  of  lignin  particles 
produced,  many  of  the  larger  particles  are  plate-like;  this  characteristic  can  most  likely  be  attributed  to  n-n 
stacking  between  the  aromatic  rings  in  the  lignin  macromolecule  during  the  precipitation  of  KL  polymer 
out  of  solution.50  One  noticeable  difference  between  the  reformed  particles  and  Indulin®AT  powder  that 
can  be  seen  in  Figure  23  is  that  non-reformed  lignin  particles  tend  to  form  dense  aggregates.  These 
particles  also  show  a  high  level  of  contrast  with  the  aqueous  background.  The  reformed  particles  on  the 
other  hand,  have  low  contrast  with  the  background  and  form  voluminous  aggregates.  From  these  images, 
it  appears  that  the  process  of  reformation  dispersed  the  lignin  polymer  that  was  condensed  in  the  original 
particles  into  voluminous  low- 
density  aggregates. 

Recently,  Petridis  et  al. 
used  small  angle  neutron  scattering 
(SANS)  in  conjunction  with 
molecular  simulations  to 
demonstrate  the  fractal  nature  of 
natural  lignin  aggregates  on  the 
angstrom  level.42  The  authors 
showed  that  the  aggregates  were 
highly  folded,  very  compact  and 
that  they  react  favorably  with  water 
(despite  the  hydrophobicity  of 
natural  lignin).  This  is  mostly  a 
result  of  hydrogen  bonding  between 
water  molecules  and  lignin 

hydroxyl  groups.  We  should  Figure  23.  Micrographs  of  non-reformed  (a,  c)  and  reformed  particles 
also  expect  to  observe  this  (b,  d).  Scale  bar  =  100  pm. 
hydration  behavior  in  Kraft  lignin, 
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which  contains  more  hydroxyl  groups  -  as  well  as  thiol  and  methoxy  groups  -  than  natural  lignin.  Thus,  it 
can  be  hypothesized  that  the  voluminous  structure  of  the  reformed  particles  is  partly  due  to  hydration. 

While  examining  the  particle  suspensions  via  optical  microscopy,  a  smaller  population  of 
particles  can  be  visualized  qualitatively  but  not  quantitatively.  For  characterization  of  particle  sizes  in  the 
smaller  population  of  precipitated  KL,  TEM  was  employed.  However,  from  the  transmission  electron 
micrographs,  one  cannot  see  any  distinct  particles  but  rather  a  mesh-like  network  containing  KL  polymer 
(Figure  24).  It  is  possible  that  KL  nanoparticles  formed  aggregates  during  TEM  sample  preparation,  or 
that  the  “microgel”  observed  under  optical  microscopy  is  a  network  of  KL  polymers  agglomerated 
through  hydrogen-bonding  subsequent  to  the  reformation  process.53 


Figure  24.  Transmission  electron  micrographs  of  Indulin®AT  microgel  formed  from  a  water-based  shear  method  at 
pH  -  1.3.  (Left)  TEM  image  of  KL  aggregates  at  5000x  magnification.  Scale  bar  =  1  pm.  (Right)  TEM  image  of  KL 
aggregates  at  50,000x  magnification.  Scale  bar  =100  nm. 


To  elucidate  whether  the  water-based  shear  reformation  process  changed  the  surface  charge  of 
KL  particles,  zeta-potential  measurements  were  performed  (Figure  25).  Data  from  these  experiments 
show  that  reformed  particles  are  slightly  less  charged  than  non-reformed  particles,  meaning  that  they  are, 
from  an  electrostatic  point  of  view,  better  foam  stabilizers  than  the  non-reformed  particles,  ^-potentials 
greater  than  ±  25  mV  are  generally  desired  for  colloidal  stability.  However,  for  foam  stabilization  by 
particles,  values  less  than  ±  25  mV  are  desired.60  At  these  values,  there  would  be  particle  adsorption  at  the 
air-liquid  interface  without  strong  lateral  electrostatic  repulsion  between  particles.  In  Figure  25,  it  can  be 
see  that  as  pH  decreases,  ^-potential  increases  for  both  the  reformed  and  non-reformed  particles  until  pH 
~  5.  At  this  point,  the  ^-potential  of  the  reformed  particle  system  becomes  unmeasurable,  and  that  for  the 
non-reformed  particle  system  begins  to  decrease.  An  increase  in  ^-potential  with  increasing  pH  for  pHs  < 
5  followed  by  a  leveling  off  of  (^-potential  for  pHs  >  5  has  also  been  observed  by  other  authors  for  KL.49 
During  the  measurements  of  (^-potential,  it  was  discovered  that  the  solubility  of  lignin  is  altered  after  the 
reformation  process.  Curves  representing  the  ^-potential  of  the  reformed  particles  terminated  at  pH  ~  5. 
This  was  the  pH  after  which  the  Zetasizer  instrument  did  not  detect  the  presence  of  any  particles.  For  the 
non-reformed  particle  system,  it  was  not  until  a  pH  value  of  ~  1 1  that  the  Zetasizer  ceased  to  detect  the 
presence  of  particles. 
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Measurement  of  sample  absorbance 
for  supernatants  from  reformed  and  non- 
reformed  particle  samples  confirmed  a  change 
in  solubility  following  the  water-based  shear 
process  (Figure  26).  The  pH  at  which  there  is 
a  critical  change  in  the  solubility  of  the 
particles  determined  using  spectroscopy 
correlates  well  with  the  solubility  behavior 
observed  from  ^-potential  experiments  (pH  ~ 

5).  The  absorbance  study  for  the  KL  system 
demonstrates  that  while  reformed  KL  particles 
dissolve  back  into  solution  at  lower  pHs,  they 
also  more  readily  precipitate  out  of  solution  at 
pH  values  less  than  5.  In  Figure  26,  it  can  be 
seen  that  at  pHs  below  5,  the  concentration  of 
lignin  in  the  supernatant  of  the  reformed 
particle  dispersion  is  much  lower  than  that  in 
the  non-reformed  particle  dispersion.  This 
means  that  more  polymer  was  precipitated  out 
of  solution  during  the  reformation  process  in 
the  form  of  particulates.  At  pH  ~  2,  the 
concentration  of  KL  in  the  supernatant  for  the 
non-reformed  particle  suspension  is  7x  higher 

than  for  the  reformed  particle  suspension.  These  data  imply  that  in  the  reformed  particle  system,  7  times 
more  lignin  polymer  is  precipitated  out  of  solution. 

The  ability  of  the  reformed  particles  to  stabilize  foam  was  evaluated  and  compared  to  that  of  non- 

reformed  KL  particles.  Although  foam 
stabilization  by  KL  has  not  been  reported  to 
our  knowledge,  the  stabilization  of  various 
types  of  emulsions  using  KL  has  been 

Foams 


Figure  25.  (^-potential  vs.  pH  for  reformed  and  non- 
reformed  Indulin@AT  particles.  For  all  samples  measured, 
absolute  (^-potential  increases  with  an  increase  in  sample 
pH  until  pH  ~  5.  After  this  point,  it  decreases  slightly  with 
increasing  pH  for  the  non-reformed  particle  samples  and 
becomes  unmeasurable  for  the  reformed  samples. 
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Figure  26.  Solubility  of  reformed  and  non-reformed 
particles  as  a  function  of  pH.  At  pH  ~  2,  reformed  particle 
system  is  7  times  less  soluble  than  non-reformed  particle 
system.  Reformed  particles  begin  dissolving  back  into 
solution  at  pH  -  5  whereas  non-reformed  particles  do  not 
fully  dissolve  until  pH  -  12. 


evaluated  by  researchers 
were  generated  as  described  in  the  Methods 
Section.  By  monitoring  foam  volume  and 
liquid  drainage  over  time,  we  find  reformed 
lignin  particles  to  be  more  efficient  stabilizers 
than  the  original  KL  particulates  at  the  same 
concentration  and  PH  conditions  (Figure  27). 
Foams  made  using  the  reformed  particles  were 
stable  for  days  and  even  weeks  whereas  those 
stabilized  using  the  original  lignin  powder 
collapsed  after  ~  1  day.  The  increased  stability 
imparted  by  the  reformed  particles  on  the  foam 
structure  could  be  a  consequence  of  the 
reformed  particles  being  more  voluminous  than 
non-reformed  particles.  Micrographs  of  foam 
bubbles  stabilized  by  reformed  and  non- 
reformed  particles  are  shown  in  the  inset  of 
Figure  27. 
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Observations  of  foam  bubbles 
stabilized  by  non-reformed  versus  reformed 
particles  indicate  that  while  particles  from  the 
non-reformed  KL  system  do  adsorb  at  the  air- 
liquid  interface,  the  coverage  of  the  bubble 
surfaces  is  sparse,  making  the  system  more 
prone  to  destabilization  by  mechanisms  such 
as  coarsening  and  bubble  coalescence. 

Reformed  particles,  however,  not  only  adsorb 
at  the  air-water  interface,  but  also  offer  more 
complete  surface  coverage  to  the  bubbles  in 
the  foam  system.  In  addition  to  providing  a 
greater  amount  of  coverage,  the  particles 
appear  to  have  aggregated  into  a  gel-like 
structure  at  the  air-liquid  interface  -  sterically 
stabilizing  the  foam  bubbles  against 
coalescence  and  coarsening  through  the 
formation  of  thicker,  more  viscous  films  in 
the  foam  lamella.  Foam  stability  was  also 
studied  as  a  function  of  KL  concentration  as 
well  as  the  pH  of  the  foaming  medium 
(Figures  28  and  29). 

From  Figures  28  and  29,  it  can  be 
seen  that  increasing  the  concentration  of 
lignin  in  the  foam  resulted  in  higher  foam  stability,  and  that  decreasing  the  pH  of  the  foaming  medium 
also  resulted  in  an  increase  in  foam  stability.  Both  of  these  conclusions  could  be  summarized  as  follows: 
higher  foam  stability  results  from  an  increase  in  the  surface  coverage  of  foam  bubbles  by  particles.  An 
increase  in  the  concentration  of  lignin  used  for  foam  generation  also  resulted  in  an  increase  in  the  number 
of  particles  available  for  foam  stabilization.  Similarly,  since  KL  dissolves  at  high  pH  and  precipitates  out 
of  solution  at  low  pH,  more  KL  is  precipitated  out  of  solution  at  lower  pH  values,  resulting  in  more 
material  available  for  foam  stabilization.  This  pH  dependent  foam  stability  which  was  observed  in  the  KL 
system  can  be  utilized  to  generate  foams  in  which  stability  can  be  tuned  by  changes  in  pH.  In  preliminary 
experiments,  it  was  observed  that  foams  generated  using  reformed  KL  particles  can  be  destabilized  by 
increasing  the  pH  of  the  continuous  phase  using  NaOH  (to  dissolve  KL  particles).  Decreasing  medium  pH 
while  foaming  results  again  in  stable  KL  foam.  To  gain  a  better  understanding  as  to  how  the  effective 
volumes  of  the  reformed  and  non-reformed  particles  correlate  to  differences  observed  in  foam  stability  in 
these  two  systems,  the  volumes  of  both  particle  dispersions  were  monitored  at  the  same  pH  and  KL 
concentration  over  time.  It  was  observed  that  reformed  particles  compacted  slowly  over  time  while  the 
non-reformed  particles  settled  out  of  solution  to  a  volume  of  ~  300  pL  after  one  day  (Figure  30).  Even 
after  36  days,  reformed  particles  had  ~  30  times  larger  volume  (mL)  and  ~  40  times  larger  specific 
volume  (mL/g  KL)  than  the  non-reformed  KL  particles. 

One  detail  which  was  observed  during  the  experiments  was  that  the  supernatant  above  the 
precipitated  non-reformed  particle  mass  was  much  more  turbid  than  the  supernatant  above  the  reformed 
particle  agglomerate.  From  this,  we  can  infer  that  there  is  more  lignin  polymer  dissolved  in  the 
supernatant  of  the  non-reformed  particle  sample.  By  measuring  the  absorbance  of  the  supernatant  in  the 
non-reformed  and  reformed  particle  systems,  it  was  found  that  the  amount  of  KL  remaining  in  solution  in 
the  reformed  and  non-reformed  samples  at  pH  ~  2  differs  by  a  factor  of  ~  7  (Figure  26).  Although  this 
elucidates  one  factor  contributing  to  the  volume  increase  in  the  reformed  KL  system,  there  is  still  a  23- 
fold  increase  in  volume  resulting  from  the  reformation  process  which  still  has  to  be  accounted  for.  This 
volume  increase  is  likely  caused  by  differences  in  KL  particle  structure  between  the  two  systems.  The 
reformation  process  results  in  a  redistribution  of  lignin  polymer  into  smaller-sized  aggregates  than  that 
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Figure  27.  Normalized  foam  volume  vs.  time  for  foam 
stabilized  by  reformed  and  non-reformed  particles.  (Inset) 
Micrographs  showing  KL  particles  adsorbed  at  the  air- 
water  interface.  KL  concentration  =  0.7  wt%  and  pH  ~  2  for 
foams.  Foams  made  with  reformed  particles  remain  stable 
for  a  longer  period  of  time. 
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found  in  the  original  system.  Aggregates  in  the 
reformed  particle  system,  which  are  not  only 
smaller  in  size  but  also  less  dense  than  the 
particles  in  the  original  system,  can  allow  for  a 
higher  degree  of  hydration  in  the  KL  particle 
matrix.  During  measurement  of  particle  volume, 
it  was  also  observed  that  the  loosely-packed 
reformed  particle  aggregates,  which  maintain  a 
higher  effective  volume  in  solution  over  time, 
retain  more  water  than  the  non-reformed  particle 
aggregates.  For  a  system  containing  aggregated 
KL  nanoparticles,  Frangville  and  coworkers 
determined  through  a  dye  adsorption  study  that 
the  active  surface  area  of  their  NPs  were  2.3  times 
that  estimated  from  the  measured  hydrodynamic 
radius.33  From  this,  the  authors  concluded  that  the 
nanoparticles  themselves  were  porous.  Likewise, 
the  micron-sized  particles  in  this  system  could 
also  be  porous,  facilitating  hydration  of  the  KL 
reformed  particle  mass.  Additionally,  water 
molecules  can  be  captured  in  the  areas  between 
KL  particles  during  aggregate  formation,  as  well 
as  in  the  hydration  layer  around  particle  aggregates.  By  using  thermogravimetric  analysis  or  a  similar  dye 
adsorption  study  as  that  employed  by  Frangville  et  al.  in  the  future,  the  location  of  captured  water 
molecules  in  the  reformed  KL  system  may  be  determined.33  In  summary,  the  loosely-aggregated, 
voluminous  structure  of  the  reformed  particles  in  solution  can  be  attributed  to  two  main  factors  - 
increased  precipitation  of  KL  polymers  out  of  solution  and  the  entrainment  of  H20  molecules  in  the 
aggregated  reformed  particle  matrix.  The  increase  in  the  effective  volume  occupied  by  KL  after  the 
reformation  process  contributes  greatly  to  the  ability  of  the  reformed  particles  to  stabilize  foams.  In 
summary,  we  have  re-engineered  KL  particulates,  which  are  themselves  emulsifiers,  into  more  efficient 
foam  stabilizers  by  reforming  the  particles  using  a  water-based  shear  process.  We  characterized  the  effect 
of  the  reformation  process  on  the  surface  charge  and  structure  of  KL  particles.  The  ^-potential  of  the 
particles  was  found  to  change  with  pH  and  was  slightly  lower  following  the  reforming  process.  The 
procedure  for  generating  reformed  KL  particles  was  found  to  increase  the  volume  of  the  original  particles 
by  ~  30  times,  which  resulted  in  an  enhanced  ability  of  reformed  KL  to  sterically  stabilize  foams  and 
emulsions.  The  highest  foam  stability  was  recorded  at  low  pH  (~  2),  corresponding  to  a  (^-potential  of 
approximately  -20  mV.  Thus,  we  have  developed  an  efficient,  environmentally-friendly  method  by  which 
to  increase  the  effective  volume  of  lignin  particles,  which  after  the  reformation  process  show  enhanced 
properties  as  foam  and  potentially,  emulsion  stabilizers.  A  manuscript  for  this  work  is  in  preparation. 
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Figure  28.  Plot  of  foam  volume  vs.  time  for  samples 
stabilized  by  different  concentrations  of  KL  (pH  ~  2). 
Foams  made  with  suspensions  containing  higher 
concentrations  of  KL  maintain  larger  foam  volumes  and 
have  greater  stability  against  creaming. 
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Figure  29.  Foam  volume  vs.  time  for  KL  foam  samples  stabilized  by  particles  generated  at  different  pH  conditions. 
Foam  stability  increases  with  decreasing  pH  due  to  the  presence  of  more  KL  particles  at  lower  pHs.  KL 
concentration  in  foams  =  1.20  wt%. 
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Figure  30.  Specific  volume  of  reformed  and  non-reformed  particles  as  a  function  of  time  in  aqueous  media. 
Reformed  particles  compress  slower  in  H20  than  non-reformed  particles.  Concentration  of  KL  in  suspensions  ~  0.7 
wt%  and  pH  ~  2. 
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First  Colloid  and  Polymer  Science  Lecture 
awarded  to  Orlin  Velev 


Chemical  engineer  honored  for  outstanding  research  in  colloid  science 

New  York  |  Heidelberg,  11  September  2014 

The  Springer  journal  Colloid  and  Polymer  Science  awards  Orlin  D.  Velev  from 
North  Carolina  State  University  [USA)  the  Colloid  and  Polymer  Science  Lecture 
2014.  The  award  committee  chose  Velev  for  his  visionary  contributions  to  colloid 
science  and  innovative  coltordal  materials,  especially  in  the  areas  of  particle 
assembly  at  interfaces,  nanostructures  that  possess  electrical  and  photonic 
functionalities,  rricrofluidic  devices,  and  biosensors. 

"This  is  the  first  time  that  this  award  has  been  presented."  said  Springer  Editor 
Tobias  V\fessermann.  "Our  journal  Conoid  and  Polymer  Science  and  the  German 
Colloid  Society  have  established  this  initiative  together  with  the  aim  of  fostering 
international  scientific  exchange  in  the  field  of  colloid  and  polymer  science." 

The  Colloid  and  Polymer  Science  Lectures  will  be  presented  at  German  Colloid 
Society  (Kolfoid-Gesellschaft  e.V)  meetings.  The  award  committee  consists  of  representatives  from  the  society  and 
from  Springer,  the  editors  of  the  journal,  and  the  respective  conference  chairs.  The  Colloid  and  Polymer  Science 
Lecture  will  be  delivered  by  Velev  on  19  September  2014  in  Mainz,  Germany,  at  the  Colloid  Society's  20th  Ostwald- 
Co  1 1  o  q  uium  ('Pa  rticles nte  rf  aces’1) . 

V&levs  lecture  will  focus  on  "Magnetically  Responsive  Pickering  Foams.  Smart  Gels  and  Dynamic  Assemblies.''  He 
will  also  summarize  the  topic  in  an  invited  article  in  Colloid  and  Polymer  Science. 

A  physical  chemist  by  training.  Velev  received  bis  PhD  from  the  University  of  Sofia.  Bulgaria,  in  1996.  He  then 
moved  to  the  University  of  Delaware  in  the  USA  for  his  postdoctoral  studies  and  began  to  initiate  an  innovative 
program  in  colloidal  assembly  and  nano  mate  rials.  In  2001  he  joined  North  Carolina  State  University,  where  he  has 
held  the  position  of  fnvista  chaired  Professor  since  2Q09,  Velev  has  pioneered  synthetic  strategies  tor  "inverse 
opals"  (a  type  of  three-dimensional  photonic  crystals),  new  principles  for  microscopic  biosensors  with  direct 
electrical  detection,  and  is  active  in  the  fields  of  electric  field  assembly  and  self-assembly  processes.  He  has 
received  numerous  prestigious  awards  for  his  research  and  teaching  from  various  organizations. 


Colloid  and  Polymer  Science  is  a  leading  international  journal  with  a  long-standing  tradition  since  1906  of 
publishing  papers  in  colloid  and  polymer  science  and  interdisciplinary  interactions.  The  journal  includes  original 
articles,  short  communications,  reviews  and  perspective  articles. 
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